INTRODUCTION
Prostaglandins (PGs) are arachidonate metabolites produced by the enzymatic action of cyclooxygenase (COX), as a rate-limiting enzyme. The COX enzyme is known to exist in two isoforms, COX-1 and COX-2. Studies have shown that COX-1 is constitutively expressed in various tissues, whereas COX-2 is induced by diverse stimuli, including growth factors, cytokines, and tumor promoters (1) . COX enzymes convert arachidonic acid to a transitional PG, known as PGH2, which is then converted by specific PG synthases to PGE2 (2) . PGE2 exerts diverse actions and stimulates key downstream signal transduction pathways by binding to its prostanoid receptors. These receptors (EP1, EP2, EP3, and EP4) differentially bind with PGE2 to activate various signaling pathways. EP1 is known to activate intracellular Ca 2+ signaling, whereas EP2 and EP4 are coupled to Gαs and stimulate adenylyl cyclase and phosphoinositide 3-kinase. EP3 binds with Gαi to inhibit adenylyl cyclase (3) . The tumor-promoting activity of PGE2 is mediated by a vascular endothelial growth factor (VEGF) and cyclic adenosine monophosphate (cAMP)-dependent mechanism, which causes activation of cancer cell proliferation and has anti-apoptotic effects in several tissues (4) .
Acute myeloid leukemia (AML) is characterized by genetic alteration causing myeloblast accumulation in circulation and in the bone marrow (5) . In 2014, it is estimated that a total of about 18,860 (11,530 men and 7,330 women) new cases will be diagnosed, while 10,460 patients (6,010 men and 4,450 women) are expected to die from AML (6) . Treatment of AML has been achieved by the improvement of anti-tumor drugs. Among cytotoxic drugs, menadione has been used in anti-cancer chemotherapy, inducing cell death through the activation of diverse apoptotic signaling pathways in leukemia cell lines (7) . Menadione functions as a precursor in vitamin K production. It generates intracellular reactive oxygen species (ROS) through redox cycling, concurrently inducing cell death in a concentration-and time-dependent manner (8) .
We previously reported that PGE2-EP2 signaling inhibits menadione-induced apoptosis in human promyelocytic leukemia (HL-60) cells (7) . However, the exact mechanism of action by which PGE2 mediates the inhibition of apoptosis has not yet been determined. Herein, cells were first treated with PGE2, which caused increased expression of COX-2, Bcl-2 and Bcl-xL, as well as preventing casapse-3, poly (ADP-ribose) polymerase (PARP) and lamin B cleavage. Silencing of COX-2 with siRNA transfection and/or treatment with the MEK in-http://bmbreports.org Fig. 1 . PGE2 inhibits menadione-induced apoptosis. (A) Cells were treated with 1 μM PGE2 and 10 μM menadione, and total protein was isolated from the cells and analyzed by Western blotting with anti-Bcl-2, Bcl-xL, Bad, p-Bad and AIF antibodies. Actin was used as a reference in all experiments. (B) PGE2 inhibits menadioneinduced generation of ROS. HL-60 cells were incubated with DHR 123 after exposure to 1 μM PGE2 and/or 10 μM menadione. Images of DHR-loaded cells were obtained under a fluorescence microscope. (C) HL-60 cells were treated with PGE2 and/or menadione, and then incubated with DCF-HDA for 30 min. Analysis was carried out by fluorescence microscopy with an emission wavelength of 520 nm and excitation wavelength of 480 nm.
hibitor PD98059 or protein kinase A (PKA) inhibitor H89 prevented the survival effects of PGE2 while enhancing menadione-induced cell death. Furthermore, a similar enhancing effect on the menadione-induced cell death as that observed with COX-2-siRNA was obtained after treatment with indomethacin. Improved understanding of the autocrine mechanism of PGE2 might provide novel therapeutic options to inhibit COX-2 function and thereby induce cell death and apoptosis in leukemia.
RESULTS

PGE2 prevents menadione-induced apoptosis in HL-60 cells
We previously reported that the PGE2-Ras signaling pathway inhibits menadione-induced apoptosis in HL-60 cells (7) . In order to examine the effect of exogenously added PGE2 on apoptotic proteins herein, cells were treated with 1 μM of PGE2 and 10 μM of menadione for the indicated periods of time. As shown in Fig. 1A , the addition of menadione caused decrease of the expression of anti-apoptotic proteins such as Bcl-2 and Bcl-xL, whereas the levels remained constant when PGE2 treatment was carried out, and reduced expression of the pro-apoptotic protein, apoptosis inducing factor (AIF), along with reduced phosphorylation of Bad were observed. Bad is a known pro-apoptotic protein of the Bcl-2 family which enhances cells apoptosis by binding to and inactivating anti-apoptotic proteins such as Bcl-2 and Bcl-xL. Studies have shown that apoptosis can be blocked during cell survival by inhibiting the phosphorylation of Bad, consequently disrupting its binding with Bcl-2 protein (11) .
To confirm the role of ROS generation in menadione-induced apoptosis in HL-60 cells, the levels of intracellular ROS were measured using DCFHDA. The levels of mitochondrial ROS were evaluated by using a fluorescence microscope with the oxidant-sensitive probe DHR 123 (Fig. 1B) . Menadione treatment induced DCF-detectable ROS production in HL-60 cells, whereas ROS generation was reduced by pretreatment with PGE2 for 2 h (Fig. 1C) . Menadione-induced apoptosis was found to be directly mediated by ROS generation. Treatment with PGE2 blocked menadione-induced apoptosis, at least in part, through the blocking of ROS production. PGE2 accelerated the exclusion of menadione and prevented its accumulation inside of mitochondria to induce cell death in HL-60 cells. These data support our hypothesis that PGE2 provides protection from the apoptotic activity of menadione by enhancing the expression of anti-apoptotic proteins, as well as by reducing the steady-state level of intracellular oxidants.
Indomethacin inhibits PGE2-induced anti-apoptotic effects
Since PGE2 is well known to promote cell survival and cancer http://bmbreports.org BMB Reports progression, examination of its underlying molecular mechanism was carried out by blocking COX-2 with indomethacin, an inhibitor of PGE2 synthesis. Cells were pretreated with 20 μM indomethacin for 2 h and then exposed to menadione with or without PGE2 treatment. The ratio of apoptotic cell death was markedly elevated in menadione-treated HL-60 cells compared to the control, whereas addition of PGE2 for 2 h inhibited the menadione-induced cell death ( Fig. 2A) . Indomethacin treatment was also observed to effectively suppress the protective effects of PGE2, enhancing the menadione-induced cell death ( Fig. 2A) . Next, the same module of treatments was examined using Western blotting. As shown in Fig. 2B , treatment with menadione activated casapse-3, cleaved lamin B and PARP, and induced apoptosis, all of which were reversed by initial treatment with PGE2. However, incubation of the cells with indomethacin blocked the protective effects of PGE2, potentiating the menadione-induced apoptosis (Fig. 2B ).
Given that PGE2 reversed the menadione-induced generation of ROS, cells were pretreated with indomethacin before exposure to PGE2 and menadione, and ROS production was examined. As shown in Fig. 2C , indomethacin potently inhibited the anti-apoptotic effects of PGE2 by enhancing the menadione-induced ROS generation. An integrated test was further performed to measure the extracellular levels of PGE2 in regards to the treatments carried out with menadione, PGE2, and/or COX-2 inhibition with indomethacin. The extracellular PGE2 reached the highest level upon PGE2 exposure. Whereas menadione treatment caused reduction in the extracellular PGE2 level compared to the control and PGE2-treated cells, HL-60 cells exhibited higher extracellular PGE2 levels upon initial treatment with PGE2 before exposure to menadione. This suggests that PGE2 prevented the inhibitory effects of menadione on PGE2 production. However, treatment with indomethacin markedly reduced the extracellular PGE2 levels with or without PGE2 treatment (Fig.  2D ). This result confirms the central role of COX-2 inhibition by indomethacin, which leads to pronounced reduction of PGE2 production. Collectively, these data suggest that autocrine signaling by PGE2 mediated via COX-2 expression prevents menadione-induced apoptosis of HL-60 cells. http://bmbreports.org siRNA and then exposed to PGE2 for 48 h. Total proteins were then isolated from the cells and analyzed by Western blotting with anti-caspase-3, -lamin B, and -actin antibodies. Actin expression remained consistent, and was used as a reference. (B) HL-60 cells were harvested at 24 h and stained with PI, after which DNA content was analyzed by flow cytometry. Sub-G1 fractions of COX-2 siRNA-transfected cells (%) were plotted against PGE2 and menadione treatments for 24 h. (C) Cells were transfected with COX-2 siRNA before exposure to PGE2 for 24 h and supernatant medium was collected to assay the extracellular PGE2 levels using an EIA kit. The values presented are the means ± SD from the measurements of three independent wells performed in a single experiment.
PGE2 activates COX-2 expression via MAPK and PKA pathways
Several pharmacological and epidemiological studies have shown that induction of COX-2 correlates with tumorigenesis and poor prognosis (12) . Therefore, the effect of PGE2 on COX-2 expression was next evaluated. As shown in Fig. 3A , time-dependent activation of COX-2 expression was observed, which suggests that PGE2 caused up-regulation of COX-2, at least in part, by autocrine signaling and provision of a positive feedback mechanism. As the MAPK pathway was shown to mediate the anti-apoptotic activity of PGE2, and we previously confirmed the involvement of PKA (7), inhibition of MEK and PKA was carried out with PD98059 and H89 inhibitors, respectively. Pretreatment of cells with PD98059 or H89 prevented the PGE2-induced expression of COX-2, suggesting roles of the MAPK and PKA pathways (Fig. 3B) . Small interfering RNA (siRNA) was then utilized for functional gene silencing to study COX-2 genetic loss-of-function in HL-60 cells upon PGE2 treatment. Transfection of cells with 10 nM COX-2 siRNA diminished the PGE2-induced expression of COX-2 (Fig.  3C) . These results suggest that PGE2 mediates COX-2 expression via the MAPK and PKA pathways, and may be processed in an autocrine manner. http://bmbreports.org BMB Reports
Silencing of COX-2 enhances menadione-induced apoptosis in HL-60 cells
To investigate the underlying mechanism of the PGE2-mediated inhibition of menadione-induced apoptosis, cells were transfected with COX-2 siRNA, followed by treatment with PGE2 and menadione. Menadione treatment activated caspase-3 and lamin B cleavage, which was reversed by the exogenous addition of PGE2 prior to menadione treatment. However, the knock-out of COX-2 with siRNA demolished the protective effect of PGE2, enhancing menadione-induced caspase-3 and lamin B cleavage (Fig. 4A) . Actin expression was used as an internal control, as it remained consistent upon siRNA transfection as well as upon treatment with PGE2 and menadione. Furthermore, the silencing effect of COX-2 was examined with regards to menadione-induced cell death. Menadione-induced apoptosis, as evidenced by increased accumulation of cells in the sub-G1 phase of the cell cycle, was suppressed by the addition of PGE2 (Fig. 4B) . However, silencing of COX-2 with siRNA perturbed the inhibition of menadione-induced cell death by PGE2. To further illustrate the contribution of COX-2 to the anti-apoptotic effect of PGE2, COX-2 was knocked out by treating HL-60 cells with COX-2 siRNA, after which PGE2 assay was performed to measure the extracellular level of PGE2 in regards to COX-2 silencing and PGE2 treatment. As shown in Fig. 4C , silencing of COX-2 with siRNA limited the extracellular level of PGE2 as compared to the control and PGE2-treated HL-60 cells. This reduction of the extracellular PGE2 level was mainly due to COX-2 silencing, as transfection with scrambled siRNA did not display similar effects, and PGE2 treatment elevated the extracellular PGE2 level (Fig. 4C) . To sum up, these results indicated COX-2 to be the central player in PGE2-mediated anti-apoptotic effects.
DISCUSSION
Constitutive COX-2 expression and PGE2 production have been reported in the progression of several cancers, including colon, prostate, breast, and lung cancers (13) . Studies have also correlated the up-regulation of COX-2 with cell proliferation in pre-malignant and malignant cancer, as well as with increased angiogenesis, chemotherapeutic failure, and immune suppression (14) . PGE2, production of which is catalyzed by COX-2 enzymatic activity, has been shown to mediate cell proliferation and have anti-apoptotic effects in several cancers. PGE2 regulates several cellular markers and mediates different signal transduction pathways by interacting with their prostanoid receptors (4). More recently, over-expression of COX-2 was identified in leukemic and lymphoblastic models, suggesting that chemotherapy utilizing inhibitors of COX-2 might provide an effective therapeutic approach to overcome the malfunction of COX-2 (15). The underlying mechanism for the anti-apoptotic role of the COX-2/PGE2 pathway remains to be elucidated; at the same time, it is clear that this pathway facilitates an important role in cancer progression by suppressing cell death mechanisms, consequently reducing the sensitivity of cancer cells to anti-cancer agents.
Our results showed that PGE2 induces the expression of Bcl-2 and Bcl-xL, while reversing menadione-induced cell death, possibly via the MEK pathway (16) . High levels of Bcl-2 and Bcl-xL expression have been detected in leukemia, suggesting that inhibition of these proteins may be a starting point to allow tumor cell apoptosis due to chemotherapy (17) . Bad promotes cellular apoptosis by inactivating anti-apoptotic proteins such as Bcl-2 and Bcl-xL. Cell survival signaling pathways inhibit the phosphorylation of Bad at Ser155, thereby disrupting physical interactions between Bad and Bcl-2 proteins and consequently blocking apoptosis. Furthermore, ROS generation is involved in the apoptosis of a variety of cancer cells, triggered by various anti-cancer drugs. PGE2 inhibits menadione-induced generation of ROS, as evidencede by DCFHDA and DHR 123 fluorescence (18) . Taken together, our results showed that PGE2 protects HL-60 cells from apoptosis by inhibiting the generation of ROS, as well as by modulating the expressions of Bcl-2 family proteins.
Indomethacin binds to COX enzymes and selectively inhibits the activities of both COX-1 and COX-2. Studies have shown indomethacin to induce apoptosis in various tumors by blocking the migration and proliferation of cancer cells (19) . Therefore, COX-2-mediated signaling downstream of PGE2 was blocked by the specific COX-2 inhibitor indomethacin, ultimately enhancing menadione-induced cell death. In addition, accumulation of PARP and lamin B cleavage were detected in indomethacin-treated cells (Fig. 2B) . Moreover, blockage of the MEK pathway by the specific inhibitor PD98059 reduced PGE2-induced expression of COX-2. Herein, it can be suggested that PGE2 promotes cell survival in a MEK-dependent manner, as specific inhibition attenuated the PGE2-induced cell proliferation (20) . When using the PKA-specific inhibitor H89, PGE2 also failed to induce COX-2 over-expression. Therefore, it can be assumed that PGE2 interacts with the EP2 receptor and activates PKA through elevation of intracellular cAMP levels (7) .
Recently, the functional role of COX-2 silencing was elucidated in cell proliferation and apoptosis (21) . The results obtain herein demonstrated that COX-2 siRNA could significantly inhibit the PGE2-induced expression of COX-2, while also enhancing menadione-induced cell death (Fig. 4B) . Noticeably, COX-2 silencing decreased the level of extracellular PGE2, which was elevated by PGE2 exposure (Fig. 3C) . The decrement in extracellular PGE2 levels by COX-2 silencing further validates the important role of the COX-2 pathway in PGE2-mediated signaling in leukemia.
Treatment with PGE2 was also observed to increase the level of extracellular PGE2, reversing the menadione-induced reduction of PGE2 levels. Importantly, COX-2 inhibition by indomethacin blocked up-regulation of PGE2 upon incubation with PGE2 (Fig. 2D) . These results exploit the function of COX-2, triggering the production of PGE2 to protect the HL-60 http://bmbreports.org cells from death (7) . The results of this study support a novel mechanism by which the COX-2/PGE2 pathway enhances the growth of leukemia cancer cells through autoregulation of PGE2. Therefore, gaining a deep understanding of PGE2 signaling is critical for the elucidation of cancer progression, and may lead to the development of novel and chemoprotective therapeutic candidates for the treatment of leukemia.
In summary, the results uncovered a critical role of the COX-2/PGE2 signaling pathway, which inhibits menadione-induced apoptosis in HL-60 cells, thereby constituting an autocrine signaling loop which enhances cell proliferation and growth. PGE2 induces anti-apoptotic effects by modulating the activities of apoptotic proteins in HL-60 cells. Furthermore, PGE2-regulated suppression of ROS has reflective implications for the prevention and treatment of leukemia. Thus, reinforcement of apoptosis-inducing strategies based on selective targeting of PGE2 signaling could constitute a useful therapeutic approach against various types of human cancers.
MATERIALS AND METHODS
Detailed experimental procedures are described in online Supplementary information.
